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ABSTRACT
We present a new chemical evolution model for the Galaxy that assumes three main infall
episodes of primordial gas for the formation of halo, thick and thin disk, respectively. We
compare our results with selected data taking into account NLTE effects. The most important
parameters of the model are (i) the timescale for gas accretion, (ii) the efficiency of star for-
mation and (iii) a threshold in the gas density for the star formation process, for each Galactic
component. We find that, in order to best fit the features of the solar neighbourhood, the halo
and thick disk must form on short timescales (∼0.2 and ∼1.25 Gyr, respectively), while a
longer timescale is required for the thin-disk formation. The efficiency of star formation must
be maximum (10 Gyr−1) during the thick-disk phase and minimum (1 Gyr−1) during the thin-
disk formation. Also the threshold gas density for star formation is suggested to be different
in the three Galactic components. Our main conclusion is that in the framework of our model
an independent episode of accretion of extragalactic gas, which gives rise to a burst of star
formation, is fundamental to explain the formation of the thick disk. We discuss our results in
comparison to previous studies and in the framework of modern galaxy formation theories.
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1 INTRODUCTION
The study of the chemical evolution of galaxies allows us to under-
stand how the chemical abundances of the most common chemical
elements evolve in space and time in the interstellar medium (ISM).
In particular, the study of our Galaxy from a chemical point of view
represents a powerful tool to investigate its formation and evolu-
tion. Generally, a good agreement between model predictions and
observations is obtained by assuming that the disk formed by infall
of primordial gas, as originally suggested in the works of Larson
(1972) and Lynden-Bell (1975), followed by many others. In the
past years, a great deal of theoretical work has appeared concern-
ing the chemical evolution of the Milky Way, such as purely chem-
ical evolution models (Chiosi 1980; Matteucci & Greggio 1986;
Tosi 1988; Matteucci & Franc¸ois 1989; Pagel 1989; Matteucci &
Franc¸ois 1992; Carigi 1994; Ferrini et al. 1994; Pardi & Ferrini
1994; Giovagnoli & Tosi 1995; Pardi, Ferrini & Matteucci 1995;
Prantzos & Aubert 1995; Timmes, Woosley & Weaver 1995; Chi-
appini, Matteucci & Gratton 1997, hereafter CMG97; Boissier &
Prantzos 1999; Chang et al. 1999; Chiappini et al. 1999; Portinari
& Chiosi 1999, 2000; Goswami & Prantzos 2000; Chiappini, Mat-
teucci & Romano 2001; Renda et al. 2005; Cescutti et al. 2006; Ro-
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mano et al. 2010), viscous models (Lacey & Fall 1985; Sommer-
Larsen & Yoshii 1989, 1990; Tsujimoto et al. 1995), inhomoge-
neous models (Malinie et al. 1993) and chemodynamical models
(Burkert, Truran & Hensler 1992; Samland & Hensler 1996). In
particular, CMG97, taking into account several observational con-
straints such as the metallicity distribution function (MDF) of long-
lived stars, the solar abundances and the Type Ia and Type II su-
pernova rates at the present time, have built the Two Infall Model
(2IM), suggesting a scenario in which the Galaxy forms as a result
of two main infall episodes. During the first episode the halo and
the thick disk form and the gas lost by the halo rapidly accumulates
in the center with the consequent formation of the bulge. During
the second episode, a much slower infall of gas gives rise to the
thin disk with the gas accumulating in the inner regions faster than
in the outer regions. This mechanism for disk formation is known
as inside-out scenario (Larson 1976; Matteucci & Franc¸ois 1989).
The chemical composition of the gas in the two infall episodes was
assumed to be primordial. In this scenario, the formation of the
halo-thick disk and thin disk are almost completely disentangled
although some halo gas falls into the thin disk. This model sug-
gested that to reproduce the chemical evolution of the Galaxy the
timescale for halo-thick disk formation should be∼0.8 Gyr, and the
timescale for thin-disk formation ∼6–8 Gyr at the solar position. It
is worth noting that in the 2IM, the formation of the thick disk was
included in that of the halo, therefore it could not give a complete
description of this Galactic zone. Moreover, in the 2IM a threshold
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in the star formation rate (SFR) is present and it is equal to 4 M⊙
pc−2 in the halo-thick disk phase, and 7 M⊙ pc−2 in the thin-disk
phase. It is worth recalling that a surface gas density threshold for
star formation has been observed in a variety of objects, including
normal spirals, starburst galaxies and low surface brightness galax-
ies (Kennicutt 1989, 1998; van der Hulst et al. 1993). The gas den-
sity thresholds adopted by CMG97 produced results in very good
agreement with the majority of observational constraints in the so-
lar neighborhood and in the whole disk (Chiappini et al. 2001).
In particular, one of the main effects of the threshold was that it
naturally produced a hiatus in the SFR between the end of the halo-
thick disk phase and the beginning of the thin-disk phase. Such a
hiatus seems to be observed both in the plot of [Fe/O] vs [O/H]
(CMG97; Gratton et al. 1996, 2000) and in the plot of [Fe/Mg] vs
[Mg/H] (Fuhrmann 1998; Gratton et al. 2000). In the last years, a
great deal of observational data on abundances in thick-disk stars
has appeared. The most recent observational data show that, for
[Fe/H]< 0, the thin- and thick-disk abundance trends are differ-
ent (e.g. Bensby et al. 2005), especially for the α-elements, namely
those elements that form through α-capture processes (for instance
Mg, Si, S and Ca). The abundance trends we see are also well de-
fined and with small overall scatter. This is indicative of the fact that
both the thin and thick disks formed in two independent processes
(Bensby et al. 2005; Bensby & Feltzing 2006). The aim of this pa-
per is to reproduce the characteristics of the thick-disk stars includ-
ing the MDF and the abundance patterns. To do so, we study the
evolution of the thick disk starting from the comparison between
the 2IM with the observational data and suggesting a new model
which treats the thick disk independently from the halo and the
thin disk. The chemical evolution of the thick disk has been studied
by means of both classical chemical evolution models and models
based on the hierarchical picture of galaxy formation. In particular,
in the classic model of Pardi et al. (1995) the thick disk forms out
of gas shed by the halo and the thin disk forms out of gas shed by
the thick disk. However, Pardi et al. (1995) were not able to well
reproduce at the same time the MDFs of the halo and thick disk.
In order to do that, one needs to assume independent episodes of
formation for these two components. On the other hand, in Chang
et al. (1999) it is assumed that the formation of both thick and thin
disk occurs in two main accretion episodes with both infall rates
being gaussian. Chiappini (2008) suggested that the formation of
the thick disk could be described by a separate and independent in-
fall episode, relative to the formation of the halo and the thin disk.
All of the previous models assumed that the thick disk formed by
smooth gas accretion, while other models proposed the formation
of the thick disk by building blocks made of gas (Sommer-Larsen et
al. 2003; Brook et al. 2004). Finally, hierarchical models of galaxy
formation have suggested that the thick disk forms by accretion of
stars originating in Milky Way satellites. We develop the idea of an
infall episode forming the thick disk in between the two episodes
relative to the halo and thin-disk formation, and provide a new de-
scription of the formation and chemical evolution of the Milky Way.
In particular, we present a new chemical evolution model, that as-
sumes three main episodes of infall of primordial gas, and we call
it Three Infall Model (3IM). The first episode is responsible for the
halo formation; during the second, the thick disk is produced. Fi-
nally, a much slower third infall of primordial gas gives rise to the
thin disk. The 3IM will be tested relative to a maximum number
of the most recent observational constraints. In particular, the 3IM
will allow us to predict:
(i) the MDF of the thick disk,
(ii) the MDF of the thin disk,
(iii) the present Type Ia and Type II supernova rates,
(iv) the behavior of oxygen and α-element (magnesium, silicon
and calcium) abundances, as a function of [Fe/H] for the halo, thick
and thin disk.
The layout of the paper is as follows. In Section 2 we de-
scribe the adopted data set. The 2IM and the 3IM, with the relative
nucleosynthesis prescriptions, are introduced in Sections 3 and 4,
respectively. In Section 5 we present the results of the 3IM, ob-
tained through a comparison with the most recent observational
constraints. Finally, in Section 6, we discuss the results and draw
our conclusions.
2 OBSERVATIONAL DATA
In order to obtain a good comparison between model predictions
and observational data, we need a data set as homogeneous as pos-
sible. This is especially important for the Galactic disk, which must
be sectioned in thick and thin disk. As this separation is still diffi-
cult (see e.g. Steinmetz 2012, and references therein), we must be
sure that the selection method and the adopted model of atmosphere
are quite similar. Moreover, it is preferable to employ only data in
which NLTE corrections are considered. In particular, the data we
use are from:
• Gratton et al. (2003), Cayrel et al. (2004), Akerman et al.
(2004), Mashonkina et al. (2007) and Shi et al. (2009) (for the avail-
able elements) for halo stars;
• Gratton et al. (2003), Ructhi et al. (2011), Bensby et al. (2005),
Bensby & Feltzing (2006), Reddy et al. (2006) (except oxygen as
NLTE corrections are not provided for this element) and Ramya et
al. (2012) for thick-disk stars;
• Gratton et al. (2003), Bensby et al. (2005), Bensby & Feltzing
(2006) and Reddy et al. (2003) for thin-disk stars.
As regards to the halo, the principal advantage of using
Mashonkina et al. (2007) and Shi et al. (2009) is that both stud-
ies look at the same stars, use exactly the same models, spectra and
atomic data, although the sample size is rather limited. For the thick
disk, the data sets are quite good. In Ructhi et al. (2011) there are
some systematical errors in the Teff , although they are not large and
affect mostly the abundance scatter at a given [Fe/H] value.
For the thin disk, Reddy et al. (2003, 2006) adopt an unbiased
Teff scale, but there could be a possible effect on [Fe/H] due to
un-accounted NLTE. Also, their Si abundances are clearly under-
estimated due to the neglection of NLTE, because Si I lines were
used. Moreover, we have preferred not to use any data set older
than 2000, mostly because they used outdated spectral analysis
codes, atomic data and model atmospheres, or low-resolution spec-
tra. For example, it is known that low-resolution underestimates
abundances in some cases. Also, some key atomic data for Fe II
transitions were revised only in 2009, so most of the older studies
used not precise data. It is worth recalling that all the cited works in-
dicate that halo stars generally show overabundances of α-elements
relative to Fe. Thick-disk stars also show α-enhancements, lower or
comparable to those of halo stars. On the other hand, the thin-disk
stars show a continuos decrease of the [α/Fe] ratios with [Fe/H].
The data are shown in Figs. 5, 6 and 7 together with the model
results.
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3 THE TWO INFALL MODEL
This model, which has been quite successfull in reproducing the
main features of the Milky Way, assumes two main infall episodes:
during the first, the halo and the thick disk are formed, and during
the second, delayed relative to the first one, the thin disk forms.
The origin of the gas in the infall episodes is extragalactic and its
composition is primordial. The Galactic disk is approximated by
several independent rings, 2 kpc wide, without exchange of matter
between them, and the basic equations for the evolution of chemical
elements in the gas are:
dσi
dt
= −ψ(t)Xi(t) +
∫ MBm
ML
ψ(t− τm)Qmi(t− τm)φ(m)dm
+AB
∫ MBM
MBm
φ(m)
[∫ 0.5
µBmin
f(µB)ψ(t− τm2)Qmi(t− τm2)dµB
]
dm
+(1− AB)
∫ MBM
MBm
ψ(t− τm)Qmi(t− τm)φ(m)dm
+
∫ MU
MBM
ψ(t− τm)Qmi(t− τm)φ(m)dm
+
dσi, inf
dt
(1)
For an exhaustive explanation of this equation see CMG97.
Here we will recall the main parameters: the first term on the right-
hand side of equation (1) represents the effect of the SFR, while
all the integrals are the rates of restitution of processed and un-
processed material from dying stars in different mass ranges. The
second integral, in particular, represents the contribution of the SNe
Ia and AB is the fraction of binary systems with the right charac-
teristics to give rise to SN Ia explosions. It is assumed AB = 0.04.
The underlying progenitor model for Type Ia SNe is the single de-
generate scenario where a white dwarf accretes material from a
younger companion and explodes when reaches the Chandrasekhar
mass limit (MC ∼ 1.4 M⊙. The function f(µ) represents the dis-
tribution function of the ratio µ = M1
(M1+M2)
, with M1 and M2
being the primary and secondary mass of the binary system, re-
spectively, and MB =M1+M2 being the total mass of the binary
system. The mass MBm represents the minimum total mass of a
binary system giving rise to a SN Ia and it is assumed to be 3 M⊙,
while MBM = 16 M⊙ is the maximum total mass (8+8 M⊙) (see
Greggio & Renzini 1983). The quantity Qmi is the term containing
the stellar yields: in particular, it is the mass fraction of the element
i which is restored into the ISM by a star of mass m.
The last term in the equation is the gas accretion rate; in par-
ticular, the rate of gas accretion in each shell is assumed to be:
dσi(r, t)inf
dt
= A(r)(Xi)inf e
−
t
τH +B(r)(Xi)infe
−
t−tmax
τD (2)
with i representing a generic chemical element, and σi(r, t)inf is
the surface mass density of the infalling material in the form of the
element i, (Xi)inf gives the composition of the infalling gas, which
we assumed to be primordial, and tmax is the time of maximum
accretion onto the disk; it is set equal to 1 Gyr and roughly corre-
sponds to the end of the halo-thick disk phase. τH and τD are the
timescales for mass accretion in the halo-thick disk and thin-disk
components, respectively. These timescales are free parameters of
the model, and they are constrained mainly by the comparison with
the observed metallicity distribution of long-lived stars in the solar
vicinity. In particular, τH = 0.8 Gyr and, according to the inside-
out scenario, τD(r) = (1.03 r/kpc−1.27) Gyr (see Romano et al.
2000). This equation was constructed in order to obtain a timescale
for the bulge formation (r 6 2 kpc) of 1 Gyr, in agreement with
the results of Matteucci & Brocato (1990), and a timescale of for-
mation of 7 Gyr at the solar neighborhood, which best reproduces
the G-dwarf metallicity distribution.
The quantities A(r) and B(r) are derived from the condition
of reproducing the current total surface mass density distribution
along the thin disk. The current total surface mass distribution is
taken from Kuijken & Gilmore (1991).
For the SFR, it is adopted an expression which has the same
functional form for both the halo-thick and the thin-disk phases
(CMG97). This expression, which is essentially a Schmidt (1959)
law for star formation, contains a dependence also on the total sur-
face mass density, as suggested by Talbot & Arnett (1975) and
Chiosi (1980):
ψ(r, t) = ν˜
[
σ(r, t)
σ(r⊙, t)
]2(k−1)[σ(r, tG)
σ(r, t)
]k−1
G
k(r, t) (3)
where ν˜ is the efficiency of the star formation process expressed in
units of Gyr−1, σ(r⊙, t) is the total surface mass density at the so-
lar radius r⊙ and given time t, tG is the Galactic lifetime (13.7 Gyr;
Bennett et al. 2012) and Gk(r, t) is the surface gas density normal-
ized to the present-time total surface mass density at each Galacto-
centric radius. This particular formulation of the SFR has been cho-
sen for the sake of continuity with our previous papers. However,
we run models also with a simple Kennicutt law, SFR ∝ Gk, and
the obtained results are very similar (see Colavitti et al. 2009). Note
that the surface gas density exponent, k, is equal to 1.5. This value
is in agreement with the results of Kennicutt (1998) and with N-
body simulation results by Gerritsen & Icke (1997). The efficiency
of the SFR is set to ν˜ = 2 Gyr−1 during the halo-thick disk forma-
tion, while it is equal to 1 Gyr−1 during the thin-disk formation, to
ensure the best fit to the observational features in the solar vicinity,
and becomes zero when the gas surface density drops below a cer-
tain critical threshold (Kennicutt 2001). The adopted threshold gas
densities in the halo-thick disk and thin-disk phases are different.
The physical reason for a threshold in the star formation is related
to the gravitational stability, according to which, below a critical
density, the gas is stable against density condensations and conse-
quently the star formation is suppressed, the actual critical value
depending also on the rotational properties of the galaxy. However,
it is worth noting that the existence of such a threshold has been
challenged by some observational works (e.g. Leroy et al. 2008;
Goddard et al. 2010) on the basis of the existence of star formation
at large galactocentric distances found in some disks. Besides that,
it is not clear how such a threshold should change according to the
environment. Theoretical arguments (e.g. Elmegreen 1999) have
suggested that a gas density threshold for star formation should ex-
ist also in objects suffering bursts of star formation but it should
be lower than in disks. For this reason Chiappini et al. (2001) had
chosen a threshold of 4 M⊙ pc−2 for the halo where the SF was
stronger than in the thin disk. Here (see Section 4) we assume that
the threshold in the thick disk is intermediate between that of the
halo and that of the thin disk.
The IMF is that of Scalo (1986), assumed to be constant
during the evolution of the Galaxy (see Chiappini, Matteucci &
Padoan 2000). The nucleosynthesis prescriptions are the same as in
model 15 of Romano et al. (2010), as described in Section 4.
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4 THE THREE INFALL MODEL
We present now our new model for the chemical evolution of the
Milky Way: the Three Infall Model (3IM). In this case, we have
assumed three main infall episodes: the first is responsible for the
creation of the halo, the second produces the thick-disk compo-
nent and the third gives rise to the thin disk. As in the previous
model, the material accreted by the Galactic disk comes mainly
from extragalactic sources, and the Galactic disk is approximated
by several independent rings, 2 kpc wide, without exchange of mat-
ter between them, and the basic equation is the same seen before,
i.e. equation (1).
As this model assumes three main infall episodes, we had to
change the rate of mass accretion in each shell:
dσi(r, t)inf
dt
= A(r)(Xi)inf e
− t
τH +B(r)(Xi)infe
−
t−tmaxH
τT
+C(r)(Xi)infe
−
t−tmaxT
τD (4)
where:
• tmaxH is the time of maximum accretion onto the halo and
roughly corresponds to the end of the halo phase,
• tmaxT represents the time of maximum accretion onto the
thick disk, and roughly corresponds to the end of the thick-disk
phase,
• τH is the timescale for mass accretion in the halo,
• τT is the timescale for mass accretion in the thick-disk com-
ponent,
• τD is the timescale for mass accretion in the thin-disk compo-
nent.
Again, the quantities A(r), B(r), C(r) are derived from the
condition of reproducing the current total surface mass density dis-
tribution (halo+thick+thin disk), taken from Kuijken & Gilmore
(1991).
For the SFR, we have assumed the same functional form of the
2IM, in order to make a comparison between the results of the two
models. The novelty introduced in the 3IM concerns the efficiency
for the SFR, ν˜. In this case, we have set ν˜ = 2 Gyr−1 for the halo
phase, ν˜ = 10 Gyr−1 for the thick disk and ν˜ = 1 Gyr−1 for the
thin disk. This is to ensure the best fit to the observational features
in the solar vicinity, as we will see in Section 5. Moreover, we have
introduced a threshold in the SFR also in the thick-disk component,
in addition to that for the halo and that for the thin disk. In Fig. 1,
left panel, we show the SFR versus time as predicted by the 3IM
for the halo, thick and thin disk. In Fig. 1, right panel, we show the
SFR density, ΣSFR, as a function of the gas density, Σgas , for the
three components: at a given value of Σgas , ΣSFR can be higher or
lower depending on the assumed value of ν˜, namely, the efficiency
of star formation. In our model, the highest ΣSFR is observed in the
thick-disk phase. It is worth noticing at this point that the choice
of three different values for the star formation efficiency is not as
arbitrary as it could seem at first glance. While in our approach the
adopted value of ν˜ for each Galactic component simply stems from
the comparison of the model results with the observations, there is
some empirical justification for a varying star formation efficiency
depending on the environment. Indeed, observations have shown
that the SFR is enhanced when two galaxies interact or coalesce
(e.g. Patton et al. 2013, and references therein). If a gas-rich merger
is the most important driver of thick-disk formation (Dierickx et
al. 2010), our need for a more efficient star formation during the
thick-disk phase may be related to a gas-rich merger origin for the
Galactic thick disk§.
In summary, our best 3IM assumes:
(i) The total halo surface mass density profile is constant and
corresponds to σH(r, tG) = 17 M⊙ pc−2 at all Galactocentric dis-
tances;
(ii) The total thick-disk surface mass density profile is constant
and corresponds to σT (r, tG) = 24 M⊙ pc−2 (Chabrier 2003);
(iii) The total thin-disk surface mass density profile is exponen-
tial and corresponds to σD(r⊙, tG) = 30 M⊙ pc−2, at the solar
ring. It is worth noting that the sum of the values of σT (r⊙, tG)
and σD(r⊙, tG) gives as result 54 M⊙ pc−2, which corresponds to
the total surface mass density of the disk at the solar ring, as given
by Kuijken & Gilmore (1991).
(iv) tmaxH = 0.4 Gyr;
(v) tmaxT = 2.0 Gyr;
(vi) tG is set to be equal to 13.7 Gyr;
(vii) τH = 0.2 Gyr;
(viii) τT = 1.25 Gyr;
(ix) τD = 6.0 Gyr at the solar radius;
(x) The thresholds in the gas density are assumed to be 4, 5 and
7 M⊙ pc−2 during the halo, thick- and thin-disk phases, respec-
tively (see discussion before).
4.1 Nucleosynthesis Prescriptions
One of the most important ingredients for chemical evolution mod-
els are the nucleosynthesis prescriptions and the implementation
of the yields in the model. In both 2IM and 3IM, we have used
the same nucleosynthesis prescriptions in order to make a compar-
ison between the two models. The prescriptions are the same as
model 15 of Romano et al. (2010), where a detailed description of
the adopted yield sets can be found. Here we only recall a few basic
facts.
As regards to the computation of the stellar yields, one has to
distinguish between different mass ranges, as well as single stars
versus binary systems:
• low- and intermediate-mass stars (0.8 M⊙–8 M⊙) which are
divided in single stars and binary systems eventually exploding as
Type Ia SNe;
• massive stars (M > 8 M⊙);
• novae.
4.2 Low- and intermediate-mass stars
Single stars The single stars in this mass range contribute to the
galactic enrichment through planetary nebula ejection and quies-
cent mass loss along the giant branches. They enrich the ISM
mainly in He, C, and N. They can also produce interesting amounts
of 7Li, Na and s-process elements. For these stars, which end their
lives as white dwarfs, we adopt the prescription of Karakas (2010).
Type Ia SNe Type Ia SNe are thought to originate from carbon
deflagration in C-O white dwarfs in binary systems. Type Ia SNe
contribute a substantial amount of iron (0.6 M⊙ per event) and non
negligible quantities of Si and S. They also contribute to other ele-
ments, such as O, C, Ne, Ca, Mg and Mn, but in negligible amounts
§ Mergers are not in contradiction with our assumption of formation from
‘infalling gas’, as long as the accreted subunits are mostly gaseous.
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Figure 1. Left panel: temporal evolution of the SFR as predicted by the 3IM. The (red) solid portion of the curve refers to the halo phase, the (black) dot-dashed
one to the thick-disk phase, the (blue) dashed one to the thin-disk phase. In the inset, we provide the SFR averaged over timesteps of 200 Myr for phases in
which the gas rapidly oscillates around the threshold value. Right panel: SFR density versus gas density in the halo (red crosses), thick disk (black crosses) and
thin disk (blue crosses). Also shown are the fit to the ΣSFR–Σgas relation for local spirals and z = 1.5 BzK galaxies by Daddi et al. (2010; gray solid line),
the extrapolation of the starburst sequence from the same authors (gray dashed line) and the region of the plot occupied by spiral galaxies data (delimited by
the dotted gray lines; see figure 2 of Daddi et al. 2010).
compared with the masses of such elements ejected by Type II SNe.
The adopted nucleosynthesis prescriptions are from Iwamoto et al.
(1999).
4.3 Massive stars
Massive stars are the progenitors of Type II SNe. If the explosion
energies are significantly higher than 1051 ergs, hypernova events
may occur. For this range of masses, we adopt up-to-date stellar
evolution calculations by Kobayashi et al. (2006) for the following
elements: Na, Mg, Al, Si, S, Ca, Sc, Ti, Cr, Mn, Co, Ni, Fe, Cu
and Zn. As for He and CNO elements, we take into account the
results of Geneva models for rotating massive stars (see Romano et
al. 2010 for references).
4.4 Novae
As for nova systems, which we consider to be binary systems con-
stituted by a white dwarf and a main sequence or red giant com-
panion, we include the products of explosive nucleosynthesis com-
puted by Jose´ ed Hernanz (1998). Novae contribute mainly to the
enrichment in CNO isotopes and, perhaps, 7Li (Romano et al. 1999;
Romano & Matteucci 2003).
5 RESULTS
A good model of chemical evolution of the Galaxy should repro-
duce a number of constraints that is larger than the number of free
parameters. Our set of observational constraints includes:
• Metallicity distributions of long-lived stars belonging to the
thick- and thin-disk components;
• Solar abundances;
• Present-time SFR;
• Type Ia and type II supernova rates at the present time;
• Variation in the relative abundances of the most common
chemical elements;
• Present-time stellar, gas and total surface mass densities.
In this section we show the results of our best model which
has been selected after several numerical simulations in which we
changed several parameters. Before selecting our best model, we
run several numerical simulations by varying, one at the time, the
most important parameters of the model. These are: the star forma-
tion efficiency, the time scale for gas accretion and the threshold
gas density.
5.1 The Star Formation History
As already mentioned, in Fig. 1 we show the SFR versus cosmic
time (left panel) and gas density (right panel), as predicted by the
3IM. We recall that in the 3IM we adopt three different gas thresh-
olds for star formation, as described in the previous section. First
of all, in this plot we see that, during the halo formation, the gas
density never goes below the threshold, at variance with the 2IM,
in which the SFR during the halo formation was oscillating because
of the gas density threshold (see Chiappini et al. 1997, 2001). In this
case, this occurs because in the 3IM we assume a time of maximum
accretion for the halo, namely the time at which the halo formation
ends, of 0.4 Gyr. This time is shorter than assumed in the 2IM and
the infall rate is stronger, therefore, it is more difficult to go below
c© 2013 RAS, MNRAS 000, 1–12
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Figure 2. Theoretical metallicity distribution function from the Three Infall
Model for the thick disk (solid line), compared with observations. Data are
taken from Reddy et al. (2006; shaded histogram) and from Bensby et al.
(2005; filled histogram).
the threshold gas density of 4 M⊙ pc−2 during this time interval.
Then, the thick-disk formation starts and the star formation effi-
ciency ν˜ changes from 2 Gyr−1 to 10 Gyr−1. We had to change
the star formation efficiency in order to reproduce the metallicity
distribution function and the trends of [O/Fe] and [α/Fe] ratios ver-
sus [Fe/H] in the thick disk. Indeed, we also ran the model without
changing the star formation efficiency, but the results were not in
agreement with the observations, despite we had inserted a new
episode of infall of primordial gas. Thus, in our opinion, the only
way in which the thick disk can be reproduced, is that of setting
a star formation efficiency an order of magnitude larger than the
thin-disk one.
This change of ν˜ is responsible for the abrupt increase in the
SFR, from ∼10 M⊙ pc−2 Gyr−1 to 90 M⊙ pc−2 Gyr−1 seen in
Fig. 1. After this spike the star formation trend presents an inter-
mittent behavior regulated by the surface gas density in the thick
disk. This intermittent behavior ends at 2 Gyr, which is set to be
the time of maximum accretion of gas onto the thick disk. At this
time, we find a star formation gap (like the gap in the 2IM between
the end of the halo-thick disk and the beginning of the thin-disk
phase), which lasts for 0.4 Gyr. The star formation efficiency ν˜
changes again to the value of 1 Gyr−1, which is appropriate for
the thin disk. At this point, the formation of the thin disk starts and
in this case the threshold of 7 M⊙ pc−2 is reached roughly at 8.5
Gyr, thus we find oscillations in the star formation from that epoch
until the present time.
The SFR densities required to fit the Milky Way data in the
framework of our model (Fig. 1, right panel, crosses) are compared
to the fit to the ΣSFR–Σgas relation for local spirals and z = 1.5
BzK galaxies by Daddi et al. (2010; Fig. 1, right panel, gray solid
line), to the extrapolation of the Daddi et al. (2010) starburst se-
quence (Fig. 1, right panel, gray dashed line) and to the locus of spi-
ral galaxies data (Daddi et al. 2010, and references therein; Fig. 1,
right panel, gray dotted lines). While during the thin-disk phase
Figure 3. Theoretical metallicity distribution function from the Three In-
fall Model for the thin disk (blue solid line), compared with observations.
Data are taken from Ramı´rez et al. (2007; filled histogram) and from the
Geneva-Copenhagen Survey (GCS; Holmberg, Nordstro¨m and Andersen
2007; shaded histogram).
our SFR densities are consistent with Daddi et al.’s (2010) relation-
ship for normal spirals, during the thick-disk phase they are signif-
icantly higher and more consistent with the low-Σgas prosecution
of the Sequence of Starbursts identified by Daddi et al. (2010, see
also their figure 2). If the SFR is enhanced during mergers, we are
forced to conclude that a gas-rich merger origin of the Galactic
thick disk is favoured on the basis of chemical arguments.
5.2 Metallicity Distribution Function
The first observational constraint which we have to analyze is the
MDF of dwarf stars both in the thick and thin disk. Because of the
introduction of a new episode of infall of gas, which gives rise to
the thick disk, now we are able to create two MDFs using the 3IM:
one for the thick disk and one for the thin disk; they are visible in
Figs. 2 and 3, respectively. Let us consider the first plot (Fig. 2): it
is clear from the data (filled and shaded histograms in Fig. 2) that
the metallicity of the thick disk extends from [Fe/H]∼ −1.3 dex to
[Fe/H]∼ 0 dex and the mean value is <[Fe/H]>∼ −0.5 dex. Our
best model (solid line in Fig. 2) well reproduces the observations.
The relative number of stars with [Fe/H]∼ −0.5 predicted by the
model is equal to ∼ 30%. Then we have a tail of metal-poor stars
equal to ∼ 2% − 8% and the same relative number for higher-
metallicity stars. Therefore, concerning the thick disk, we believe
that our model is good from the chemical point of view, as it pre-
dicts a relative number of stars in agreement with the observations,
in the right [Fe/H] intervals.
In Fig. 3, we can see that the MDF of the thin disk extends
from [Fe/H]∼ −0.5 dex to [Fe/H]∼ +0.3 dex and the mean value
is <[Fe/H]>∼ −0.1 dex. Also for the thin disk, the agreement be-
tween model predictions (solid line) and data (filled and shaded
histograms) is good. Perhaps, there is a little displacement with
respect to Ramı´rez et al.’s (2007) data (filled histogram), due to
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Elem. Observations 2IM CMG97 3IM
O 8.69± 0.05 8.78 8.71 8.81
Mg 7.60± 0.04 7.37 7.21 7.40
Si 7.51± 0.03 7.59 7.66 7.64
Ca 6.34± 0.04 6.22 6.23 6.27
Fe 7.50± 0.04 7.56 7.48 7.64
Table 1. Solar Abundances. Model abundances evaluated at 9.2 Gyr, com-
pared with observations (Asplund et al. 2009), CMG97 and 2IM.
the adopted selection criteria. In fact, in Ramı´rez et al. (2007) dif-
ferent Galactic space velocities (ULSR, VLSR and WLSR) of the
stellar populations were used. This can imply a different sample
of thin-disk stars. In particular, thick-disk stars might have been
considered as thin-disk members because of their higher Galactic
space velocities. This explains why there are many members with
[Fe/H]∼ −0.5 dex in the Ramı´rez et al. (2007) MDF. The pre-
dicted relative number of stars with [Fe/H]6 −0.4 dex is ∼ 2%,
while at high metallicities, especially around [Fe/H]∼0.2, the rel-
ative number of stars become ∼ 18%. It is worth noting that our
best 3IM reproduces very well the high metallicity tail of the G-
dwarf metallicity distribution, whereas the 2IM was lacking of the
most metal-rich thin-disk stars. Therefore, with our model there is
no need to invoke stellar migration fron the inner disk regions to
explain the high-metallicity tail of the observed distribution.
5.3 Solar Abundances
The solar abundances predicted by the 3IM are compared with
observations (Asplund et al. 2009), as well as predictions from
the latest 2IM and CMG97 in Table 1. The abundances are ex-
pressed as 12+log(X/H) where X is the abundance by number of
a generic chemical element and 12 is the weight attributed to hy-
drogen. These abundances represent the composition of the ISM at
the time of the formation of the Sun, 4.5 Gyr ago. Since we as-
sume a Galactic lifetime of 13.7 Gyr, we have computed the solar
abundances at 9.2 Gyr after the Big Bang. Given the uncertainties
involved in the observed solar abundances as well as in the theoret-
ical yields, we can consider that the model is in quite good agree-
ment with the observed value within a factor 0.5 of difference. As
we can see from Table 1, the solar abundances of the 3IM are very
similar to those predicted by the 2IM and to the observed ones. This
suggests that the insertion of the thick-disk component has not al-
tered theresults of the 2IM for the thin disk. The only abundance
which is in disagreement with the data is that of magnesium, but
this is a well known problem, that is due to the too low magnesium
yields from Type II supernovae predicted in most nucleosynthesis
computations.
5.4 Supernova Rates
To compare with the predictions of the 3IM we used the SN rates
in the Galactic disk estimated by Li et al. (2011), both for Type Ia
SNe and Type II SNe.
The observed present-time SN rates are:
• (0.189 ± 0.031) SNe century−1 for Type Ia SNe;
• (0.462 ± 0.044) SNe century−1 for Type II SNe;
while the rates predicted by the 3IM are:
Figure 4. Temporal evolution of Type Ia (lower blue line) and Type II (up-
per red line) SN rates, as predicted by the Three Infall Model. The black
star and the light-blue filled circle are the observed values at the present
time after Li et al. (2011).
• 0.189 SNe century−1 for Type Ia SNe;
• 0.456 SNe century−1 for Type II SNe;
the agreement between model predictions and observations is ex-
cellent. As we can see in Fig. 4, the gap between the end of the
thick disk and the beginning of the thin disk due to the adopted
gas density threshold is present in the predicted SNII rate as well;
this gap was present also in the 2IM predictions. The duration of
the gap is 0.4 Gyr. The SN II rate shows a peak around ∼0.4 Gyr,
which roughly corresponds to the end of the halo phase, and then
it reaches the value of 50 SNe century−1 because of the increased
star formation efficiency during the thick-disk formation. After this
spike, the SN II rate goes to zero at∼ 2 Gyr after the Big Bang, this
time corresponding to the end of the thick disk and the beginning
of the gap in the SFR. Once the thick-disk formation ends, star
formation starts again and the number of supernovae per century
increases until 4 Gyr, and then it decreases until the achievement
of the present-time rate. On the other hand, Type Ia SNe, which
are produced by progenitors with long lifetimes, show a smaller ef-
fect caused by the threshold in the star formation and, as shown in
Fig. 4, their rate first increases with time, then, it remains almost
constant until it decreases and reaches the present-time value.
5.5 Relative Abundances
The last observational constraints considered are the [X/Fe] ver-
sus [Fe/H] relations. As mentioned before, the abundance ratios are
less dependent on model parameters than the absolute abundances,
since they depend essentially on the nucleosynthetic yields and on
the IMF. In the following, we show and explain the behavior of
the relative abundances of oxygen and three α-elements, i.e. mag-
nesium, silicon and calcium, with respect to iron as functions of
[Fe/H].
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Figure 5. [O/Fe] versus [Fe/H] behavior for the 3IM (red solid, black dot-
dashed and blue dashed line) and the 2IM (green solid line). Halo data
(black triangles) are taken from Cayrel et al. (2004) and Akerman et al.
(2004). Thick-disk data (dark-gray squares) are taken from Gratton et al.
(2003), Bensby et al. (2005) and Ramya et al. (2012). Thin-disk data (light-
gray hexagons) are taken from Reddy et al. (2003) and Bensby et al. (2005).
5.5.1 The [O/Fe] versus [Fe/H] relation
Fig. 5 shows the oxygen-to-iron ratio with respect to iron relative
to the Sun. Our best model is represented by the multi-coloured
line in this figure: the red (solid) portion of the curve is for the halo
phase, the black (dot-dashed) one is for the thick disk and the blue
(dashed) one is for the thin disk. The predictions of the 2IM are also
reported for comparison (green solid line). We immediately see that
the agreement between model predictions and data is improved by
the introduction of a new episode of infall of gas responsible for the
formation of the thick disk: indeed, the 3IM fits very well the thick-
disk data (dark-gray squares). The trend can be explained through
the different roles played by the two types of SNe involved in the
Galactic abundance enrichment. In fact, while oxygen is produced
only by Type II SNe, which have high-mass and short-lifetime pro-
genitors, iron is mainly produced on longer timescales by Type Ia
SNe, which are believed to be the result of the explosion of C-O
white dwarfs in binary systems.
The halo trend of the oxygen-to-iron ratio is similar to that
of the 2IM, as expected. Then the abundance ratio decreases until
[Fe/H]∼ −1.2 dex , roughly 1.0 Gyr after the Big Bang. At this
point, using the 3IM, we find a new feature due to the new episode
of infall of gas. In fact, during this infall, we suppose that the star
formation efficiency increases from 2 Gyr−1 to 10 Gyr−1, therefore
there is a higher number of Type II supernovae which contributes
to the oxygen overabundance. Thus, instead of finding the knee,
we predict a bump, which is present also in the thick-disk data.
Then, the [O/Fe] ratio slightly decreases until [Fe/H]∼ −0.2 dex,
which corresponds to the end of the formation of the thick disk,
and the star formation efficiency changes to 1 Gyr−1 until the end
of the formation of the thin disk, which occurs with a timescale
of ∼6.0 Gyr. The reason for the decline in the predicted [O/Fe]
with increasing metallicities is obviously due to the explosion of
Type Ia supernovae, which are the main producers of iron (time-
delay model). In reality, the bump at the end of the halo phase and
the knee at the end of the thick-disk phase are due not only to the
change of the star formation efficiency, but also to the adopted gas
density thresholds for star formation. These thresholds are, in fact,
responsible for the strong dilution of the ISM abundances at the
moment of maximum infall onto the disk and, coupled with the dif-
ferent SFRs, they produce the discontinuity seen in Fig. 5. We also
ran the 3IM without any gas threshold. The result (not shown in
the figures) was a displacement in the two MDFs towards higher
metallicities and a worse fit as regards to the [α/Fe] versus [Fe/H]
relations in the thick disk. Thus, we conclude that, in the frame-
work of the model presented here, the thresholds are necessary in
order to reproduce the relevant data. Finally, in Fig. 5 it is evident
that the gap in the SFR occurs before that in the 2IM. This is due
again to the faster evolution and consequent faster increase of the
Fe abundance during the halo phase predicted by the 3IM.
5.5.2 The [X/Fe] versus [Fe/H] relation for the other α-elements
Figs. 6 and 7 show the predicted abundances of α-elements (Mg, Si
and Ca) relative to iron as functions of [Fe/H], compared with the
observational data. The new model predicts overabundances of α-
elements relative to iron almost constant until [Fe/H]< −1.2 dex.
Then, as seen before with the oxygen behavior, the trend shows a
bump (again due to the coupled effect of the change in the star for-
mation efficiency and the thresholds), which is followed by a slight
decline until [Fe/H]< −0.2 dex, due to the delayed explosion of
Type Ia SNe. The observed abundance trends are well defined and
smooth, with a small overall scatter. This is indicative of the fact
that both the thin and the thick disks formed from interstellar gas
that was reasonably well mixed. The star formation in the thick disk
must have been fast initially, to allow the formation of stars with
high [α/Fe] ratios before the significant enrichment from Type Ia
SNe at higher metallicities, although the Type Ia SN signature is
already evident, as shown by Chiappini (2008). Finally, we enter
in the metallicity range characteristic of the thin-disk component,
in which the [α/Fe] ratios decrease until [Fe/H]∼0.3 dex, due to
the increasing contribution of SNeIa to Fe production. We notice
that the spread in the thin-disk data is due mainly to the fact that
the data originate from different sources. The agreement between
model predictions and observations is improved by the introduction
of the new episode of infall of gas, responsible for the formation of
the thick disk. We conclude that the agreement between predic-
tions and observations is generally satisfactory (though Ca and Si
are slightly under- and over-produced, respectively, over the full
metallicity range because of uncertienties in their yields), except
for Mg at the highest thin-disk metallicities. However, we note that
the steep decline of [Mg/Fe] at the highest metallicities is due to the
adopted yields, that are known to underestimate the Mg production
from massive stars (see, e.g., Kobayashi et al. 2006; Romano et al.
2010). Moreover, the observational data show that [Mg/Fe] flattens
considerably at high metallicity at variance with what happens for
O, while Si and Ca seem to show also some flattening. This flatten-
ing, not explained by the current available yields, could perhaps be
explained by a larger Mg production from Type Ia SNe, or by in-
voking larger Mg yields from SNeII at supersolar metallicities. The
fact that bulge stars at similar, and even higher, metallicities display
exactly the same flattening in the [α/Fe] ratios, for the same αs but
oxygen (Bensby et al. 2013), strongly point to the need to use dif-
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Figure 6. Predicted behavior of the relative ratios of Mg (left panel) and Si (right panel) to iron as a function of the relative iron abundance, for the 3IM (red
solid, black dot-dashed and blue dashed lines) and the 2IM (green solid lines). Halo data (black triangles) are taken from Gratton et al. (2003), Cayrel et al.
(2004), Reddy et al. (2006), Mashonkina et al. (2007) and Shi et al. (2009). Thick-disk data (dark-gray triangles) are taken from Gratton et al. (2003), Reddy
et al. (2006), Bensby et al. (2005), Ruchti et al. (2011) and Ramya et al. (2012). Thin-disk data (light-gray hexagons) are taken from Gratton et al. (2003),
Reddy et al. (2003), Reddy et al. (2006) and Bensby et al. (2005).
ferent (higher) SNII yields for α-elements for metallicities higher
than solar.
6 DISCUSSION AND CONCLUSIONS
Many different scenarios have been proposed for the formation of
the thick-disk component of the Galaxy, among which heating by
mergers (Quinn et al. 1993; Villalobos et al. 2010), accretion of
satellites (Abadi et al. 2003), early and clumpy rapid star forma-
tion (Bournaud et al. 2009), radial stellar migration (Loebman et
al. 2011; Curir et al. 2012) and combination of these (Minchev,
Chiappini & Martig 2012). Likely, all these processes have acted
in the Milky Way to some extent. Yet, it is not clear which is the
dominant one.
In this paper, we present a model which can explain the chem-
ical evolution of the halo, thick and thin disk of the Milky Way.
The underlying idea is the following: the bulk of the stars that are
found in these three components results from in situ star formation
triggered by three main infall episodes. We explored several cases
in which we varied in turn the gas density threshold, the star forma-
tion efficiency and the timescale for the formation of each Galactic
component trying to find a model in agreement with all the obser-
vational constraints. This procedure has allowed us to determine
values of the parameters which bring the theoretical predictions in
agreement with the observations.
Our best model suggests that during the first infall of pri-
mordial gas, which lasts approximatively 0.4 Gyr, the halo rapidly
forms with a star formation efficiency of 2 Gyr−1. Once the halo is
created, a slower infall of primordial gas, which lasts∼2 Gyr, gives
rise to the thick disk. During the thick-disk phase, the star forma-
tion efficiency changes from 2 Gyr−1 to 10 Gyr−1. We have to
Figure 7. Predicted behavior of [Ca/Fe] versus [Fe/H] for the 3IM (red
solid, black dot-dashed and blue dashed line) and the 2IM (green solid line).
Halo data (black triangles) are taken from Gratton et al. (2003), Cayrel et
al. (2004), Reddy et al. (2006) and Mashonkina et al. (2007). Thick-disk
data (dark-gray squares) are taken from Gratton et al. (2003), Reddy et al.
(2006), Bensby et al. (2005), Ruchti et al. (2011) and Ramya et al. (2012).
Thin-disk data (light-gray hexagons) are taken from Gratton et al. (2003),
Reddy et al. (2003), Reddy et al. (2006) and Bensby et al. (2005).
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assume such a high star formation efficiency in order to reproduce
two fundamental observational constraints, namely the MDF and
the [α/Fe] ratios of thick-disk stars. We have also ran the model
without changing the star formation efficiency, but the result was
to worsen the very good agreement between model predictions and
data. An efficiency of 10 Gyr−1 indicates that the thick disk formed
in a starburst. A similar suggestion was put forward by Kroupa
(2002), who claimed that the thick disk formed via an early, strong
star formation activity, leading to the formation of large stellar clus-
ters that expelled their stars thus forming the thick-disk component.
Hubble Ultra Deep Field observations showing thick disks in for-
mation also suggest that the thick disks form during a highly turbu-
lent gas phase, before the accreted material cools down to give rise
to the thin disks (Elmegreen & Elmegreen 2006).
The third infall episode is responsible for the formation of
the thin disk. It has a much slower timescale for mass accretion
(∼6.0 Gyr) and a much lower star formation efficiency (1 Gyr−1),
values in agreement with our previous 2IM. In the thin disk, the
star formation is actually still active and we predict an intermit-
tent behavior, regulated by the threshold in the surface gas den-
sity which is assumed to be 7 M⊙ pc−2, a result already found
and discussed in CMG97. The most important achievement of this
scenario, which assumes three main, independent episodes of gas
accretion during the Galaxy lifetime, is that it is possible to well re-
produce the metallicity distributions of thick- and thin-disk stars
in the solar vicinity, separately. In the 2IM model that was not
possible since the thick disk was included in the halo formation.
On the other hand, one of the main problems of models assuming
that the thick disk formed from gas shed by the halo (e.g. Pardi
et al. 1995) was the failure in reproducing the MDF of halo and
thick-disk stars at the same time. This suggests that the thick disk
should have formed independently from the halo. Moreover, the
3IM is able to fit well the abundance trends of oxygen and other
α-elements (magnesium, silicon and calcium) in the three Galactic
components. These trends are explained by the delayed explosions
of Type Ia supernovae with respect to the early explosion of Type
II SNe, and by the more efficient SFR during the thick-disk phase.
The very good agreement between model predictions and data is
confirmed when we compute the solar abundances and present-time
supernova rates. Though by no means unique, our three infall sce-
nario offers a formation picture consistent with the majority of the
observational constraints available for the Milky Way and suggests
that gas accretion should be favored over accretion of stellar de-
bris as the main formation mechanism of the thick disk. In partic-
ular, we find that the chemical properties of thick-disk stars can be
reproduced by a model that envisages an independent episode of
accretion of matter of primordial, or nearly primordial, chemical
composition triggering an intense star formation activity. Indepen-
dent observational evidence supports the gas-rich merger scenario
as the most important mechanism of thick-disk formation (Dierickx
et al. 2010; but see also Bournaud et al. 2009). Although gas accre-
tion is crudely modelled in our model with a smooth exponential
law fading in time, it is important to note that a merger origin for
the thick disk is not ruled out, as long as the merging fragments are
mostly gaseous. It is also important to notice that thick-disk stars
define tight abundance trends, with spreads well within the obser-
vational errors characterizing the abundance determinations (e.g.
Bensby et al. 2005). This is a clear indication that thick-disk stars
must have formed in situ from a well homogenized medium. This
makes the hypothesis of thick-disk formation through assembly of
small stellar systems highly unlikely, since in this case we would
expect much more loose abundance trends owing to the different
evolutionary paths followed by the different merging structures.
Our main conclusions are as follows:
(i) Our best model predicts stellar metallicity distributions in the
thick and thin disks in very good agreement with the relevant ob-
servations (Reddy et al. 2006; Bensby et al. 2005; Ramı´rez et al.
2007; Holmberg et al. 2007). The MDF constitutes the most impor-
tant constraint for chemical evolution models at present and implies
a timescale for the thin-disk formation much longer than that for the
formation of the halo and thick disk. The good fits to the MDFs of
thick- and thin-disk stars suggest that the thick disk should have
formed on a timescale of ∼1.25 Gyr, while the thin disk should
have formed on a timescale of ∼6 Gyr in the solar vicinity. The
simultaneous agreement between the stellar metallicity distribution
of both thick and thin disk and the observational data in the so-
lar neighborhood constitutes an important and new result, being a
consequence of some main assumptions of our model. First, the
decoupling between the rate of gas loss from the halo and the ac-
cretion of gas onto the thick and thin disk. This implies that the
accreted gas in all the infall episodes should be substantially un-
processed. Then another reason is represented by the adopted gas
density threshold for star formation that limits the star formation in
the thick-disk phase, allowing us to reproduce the peak of the MDF
at [Fe/H]∼ −0.5 dex . The threshold is not reached during the halo
phase because of the short halo timescale (0.2 Gyr) and consequent
fast evolution of this component, while it is active in the formation
of the thick and thin disk. In the thin disk, such a threshold prevents
the gas to attain a metallicity larger than [Fe/H]∼ +0.3 dex.
(ii) The predicted solar abundances are in very good agreement
with those of Asplund et al. (2009), except for magnesium, because,
for this chemical element, the yields from Type II SNe are too low
(see Romano et al. 2010 for a discussion).
(iii) The present Type Ia and Type II SN rates result to be equal
to 0.189 SNe century−1 for Type Ia SNe and 0.456 SNe century−1
for Type II SNe, in excellent agreement with the observed ones.
(iv) As regards to the abundance ratios of the four studied α-
elements (O, Mg, Si and Ca) relative to iron, our best model pre-
dicts an improved agreement with the data, due to the introduction
of the new episode of infall of gas responsible for the formation of
the thick disk. The only element for which the agreement is less
good is Mg, for the reasons discussed above. In particular, for what
concerns the predicted [Mg/Fe] ratio, there appears that it is too
low at high [Fe/H] values. While the low predicted solar abundance
could be solved just by increasing the Mg yields of massive stars,
the flat observed [Mg/Fe] trend at higher metallicities is more dif-
ficult to interpret. In fact, according to the time-delay model which
interprets the abundance ratios on the basis of the roles played by
different SNe, a constant [X/Fe] ratio close to zero indicates that
the element X is produced on the same timescales as the element
Fe. So, perhaps more Mg should originate from Type Ia SNe at high
metallicity, implying also a metallicity dependence for the Type Ia
SN yields. The new important result of the 3IM is the fit to the
thick-disk data, which shows that the thin- and thick-disk abun-
dance trends are clearly separated, especially for the α-elements
(see Bensby et al. 2005). In particular, we find a new feature in
the plot of [α/Fe]: a bump in the [α/Fe] ratios which allows us to
fit the thick-disk data. This bump is due to the high star formation
efficiency assumed for the thick disk (10 Gyr−1).
(v) The assumption of a gas density threshold for star formation
naturally leads to a star formation gap between the end of the thick-
disk phase and the beginning of the thin-disk formation. This star
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formation gap is reflected in a more or less pronounced decrease
in the [α/Fe] ratios around [Fe/ H]∼ −0.2 dex, depending on the
duration of the gap itself. In this work, we use a fixed value of the
gas density threshold for each Galactic component: 4 M⊙ pc−2 for
the halo, 5 M⊙ pc−2 for the thick disk and 7 M⊙ pc−2 for the
thin disk. The existence of such thresholds is suggested by both ob-
servational and theoretical arguments (Kennicutt 1989; Elmegreen
1999; but see e.g. Leroy et al. 2008; Goddard et al. 2010). We sug-
gest a duration of 0.4 Gyr for the gap.
Our model can be further improved if we take into account the fol-
lowing points:
(i) It is possible to use the 3IM to display radial profiles;
(ii) It is also possible to study other chemical elements, and to
compare their abundance ratios with previous results;
(iii) Usually, in chemical evolution models, the star formation
efficiency assumed for the bulge is 10–20 Gyr−1 and the timescale
for bulge formation is short (0.3–0.5 Gyr) (e.g. Ferreras et al. 2003;
Ballero et al. 2007; Cescutti & Matteucci 2011). Therefore, there
is a certain similarity to the adopted star formation efficiency for
the thick disk. Alves-Brito et al. (2010) and Mele´ndez et al. (2008)
have pointed out the similarity in the abundance ratios of bulge and
thick-disk stars. It is worth to explore better this similarity in the
future.
(iv) In order to impose constraints on the chemical evolution of
spiral galaxies, the 3IM can be applied, with appropriate modifica-
tions, to other spirals.
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